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Abstract 
Palaeoenvironmental and archaeological data from several regions around the world show evidence of a multi-centennial climatic event occurring approximately 4200 cal yr BP (4.2 kyr). Whilst the climatic 10 change and/or impact of the 4.2 kyr event is clear in certain regions, such as western Asia, evidence for the event has yet to be fully evaluated in northwest Europe. This study presents high-resolution, multi-proxy palaeoclimate records from sites in northern Ireland, ideally located for an objective examination of the nature of the event in Great Britain and Ireland within the broader context of mid-Holocene climate change c. 6.5 – 2.5 kyr. The peatlands of northwest Europe possess considerable potential for the 15 examination of climatic change in the North Atlantic region, demonstrated by the range of palaeohydrological proxy data generated during this study (peat humification, plant macrofossil and testate amoebae analyses) supported by a high-resolution chronology (including comprehensive AMS 14C and tephrochronology). The inter-site testate amoebae reconstructions appear coherent and were combined to produce a regional climatic record, in marked contrast to the plant macrofossil and peat 20 humification records that appear climatically complacent. The testate amoebae reconstruction, however, provides no compelling evidence for a 4.2 kyr event signal and is consistent with previously reported studies from across northwest Europe, suggesting the origin and impact of this event is spatially complex. 
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1. Introduction 
In the context of current and projected future climate change, past abrupt climate events during the Holocene (the last 11.65 kyr; Walker et al., 2009) and their impact(s) on human populations are important foci for palaeoclimatic research (Alley et al., 2003; Broecker, 2006). Unlike early-Holocene events associated with deglaciation at the end of the last glacial period, mid- to late-Holocene events 30 occurred under environmental boundary conditions similar to those of the present day and are therefore likely to provide better analogues for future change.  
The ‘4.2 kyr event’ has been identified globally as a period of abrupt climate change (Cullen et al., 2000; Bond et al., 2001; Thompson et al., 2002; Marchant and Hooghiemstra, 2004; Booth et al., 2005; Drysdale 
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et al., 2006; Liu and Feng, 2012), initially associated with urban abandonment and societal collapse in 35 Mesopotamia driven by a severe multi-centennial drought (Weiss et al., 1993). Subsequent work has since linked this event to societal disruption in other key centres of early civilisation (Weiss and Bradley, 2001; Stanley et al., 2003; Staubwasser and Weiss, 2006; Liu and Feng, 2012). In a comprehensive review of palaeoclimatic evidence for the 4.2 kyr event, Roland (2012) found a broad global pattern at this time characterised by pronounced dry conditions at lower latitudes, with more ambiguous but often cooler 40 and/or wetter conditions at higher latitudes of the northern hemisphere and also in South America. Similar climatic anti-phasing has been observed in other palaeoclimate studies associated with the 4.2 kyr event (e.g. Marchant and Hooghiemstra, 2004; Booth et al., 2005) as well as in examinations of modern low-latitude drought episodes (e.g. Hoerling and Kumar, 2003). The origin of the 4.2 kyr event has been linked to ocean-atmospheric circulation changes in the North Atlantic (Bond et al., 2001; Booth et al., 45 2005; Roland, 2012) but its climatic impact remains poorly understood in comparison to similar events in the Holocene. Despite this, Walker et al. (2012) have recently identified the 4.2 kyr event as a suitable 
marker to subdivide the Holocene period into ‘middle’ and ‘late’ chronozones.  
Proxy records developed from ombrotrophic raised bog systems are likely to possess a strong climate signal, owing to their reliance on a combination of precipitation and temperature (Charman, 2007; 50 Charman et al., 2009; Booth, 2010; Amesbury et al., 2012). Their potential in Great Britain and Ireland for recording North Atlantic climatic change is well documented (Charman et al., 2006; Swindles et al., 2013). Progress in the discipline now allows for cross-proxy and cross-site validation of a range of quantitative and semi-quantitative proxy reconstructions (e.g. Blackford and Chambers, 1993; Barber et al., 1994; Charman et al., 2007) to identify and verify the presence of a regional climate signal (e.g. Charman et al., 55 1999; Chiverrell, 2001; Langdon et al., 2003; Blundell and Barber, 2005; Hughes et al., 2006). Such comparisons are aided by relatively high accumulation rates and the potential for developing highly-precise and accurate chronologies (e.g. 14C and tephrochronology) associated with raised bogs.  
Whilst other Holocene climatic deteriorations have been the subject of temporally-focussed, peat-based studies (e.g. Little Ice Age, Mauquoy et al., 2002, De Vleeschouwer et al., 2009; the c. 2.8 – 2.6 kyr event, 60 van Geel et al., 1996, Plunkett, 2006, Chambers et al., 2007; Swindles et al., 2007a, Plunkett and Swindles, 2008; the c. 5.2 – 5.1 kyr event, Magny and Haas, 2004, Caseldine et al., 2005; the 8.2 kyr event, Hughes et al., 2006, Daley et al., 2009), equivalent studies on the 4.2 kyr event are remarkably limited in number. Where records from this period have been reported, data are frequently derived from single-proxy or single-site reconstructions with substantial differences in sampling and chronological resolution (e.g. 65 Hughes et al., 2000; Barber et al., 2003; Barber, 2007; Mauquoy et al., 2008; Daley and Barber, 2012) (see Tab. 1, Fig. 10).  
The peatlands of Great Britain and Ireland present an excellent opportunity to study the potential manifestation of the 4.2 kyr event in the region, potentially documenting the timing and nature of its palaeohydrological effects and likely drivers. To help determine the existence, impact and potential 70 driver(s) of the 4.2 kyr in northwest Europe, we have investigated two highly-resolved peat sequences in 
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northern Ireland, along the eastern seaboard of the North Atlantic. To place this event in the context of mid-Holocene climate change, we have undertaken high-resolution, multi-proxy palaeoclimate reconstructions supported by the development of robust chronologies to test whether a coherent 4.2 kyr event can be identified within the broader period of c. 6.5 – 2.5 kyr. 75 
2. Regional setting 
Ireland has a maritime climate dominated by prevailing westerly airflow and is sensitive to latitudinal variation of the Westerlies, the influence of the North Atlantic Oscillation (NAO) and thermohaline circulation (THC) and other ocean-atmospheric modes in the North Atlantic (McCabe and Clark, 1998; McDermott et al., 2001; Anderson et al., 2004; Turney et al., 2005, Swindles et al., 2010a). Ireland’s 80 climatic sensitivity, coupled with its large number of Holocene age peat sequences (Double, 1954; Smith and Goddard, 1991), well-developed regional tephrochronology (Pilcher et al., 1995a, 1996; Hall and Pilcher, 2002; Lowe et al., 2004) and archaeological record (Woodman, 1985) makes it an ideal location to study the 4.2 kyr event. Importantly, the Hekla 4 tephra horizon (4345 – 4229 cal yr BP; Pilcher et al., 1996), serving as an important temporal marker for the time period, is particularly abundant in the 85 peatlands of northern Ireland. 
The lower valleys of the Rivers Main and Bann form an extensive lowland area overlying Tertiary basalts between the Antrim Hills and Sperrin Mountains in northern Ireland. Two ombrotrophic raised bogs, approximately 22 km apart, were investigated here: Sluggan Moss, in County Antrim, and Fallahogy Bog, in County Derry (Fig. 1). Both sites were once part of large peatland complexes but have been affected by 90 peat cutting in recent centuries. Owing to the mid-Holocene focus of this study, however, it is assumed that this activity has not affected the palaeohydrological record from either site during earlier millennia. Sluggan Moss and Fallahogy Bog were also the focus of the first modern palaeoecological studies in the region (Smith, 1958; Smith and Goddard, 1991) and have been employed together many times since (e.g. Pilcher and Hall, 1992; Hall et al., 1993, 1994; Pilcher et al., 1995b, 1996; Hall, 2000, 2003; O’Connell and 95 Molloy, 2001; Swindles et al., 2013). Plant macrofossil data produced by this study, together with evidence from previous studies, confirms that both bogs became ombrotrophic over 1000 years before the proposed 4.2 kyr event. 
Crucially, earlier work suggests that Ireland’s peat archive possesses considerable potential for the examination of climatic variation in the North Atlantic region (Holmes, 1998; Plunkett, 1999, 2006; 100 Barber et al., 2000; Turney et al., 2005; Swindles, 2006; Swindles et al., 2007a, b, 2010a; Amesbury, 2008; Blundell et al. 2008; Plunkett and Swindles, 2008; Langdon et al., 2012). Despite this, few published data extend beyond c. 4.5 kyr (e.g. Swindles et al., 2010a). It is clear, however, that the quality, location and 
chronological potential of these peatlands makes them an ideal ‘testing ground’ for ideas regarding the changing nature of North Atlantic climate-forcing mechanisms (Blundell et al., 2008). 105 
3. Materials and methods 
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3.1 Field and Laboratory sampling  
Cores were extracted using a wide-bore Russian (‘D’-section) peat corer employing the parallel-borehole method. It has been shown that coring through lawn microforms maximises the potential of a sequence for recording past hydrological variation (Aaby, 1976; Barber et al., 1998; De Vleeschouwer et al., 2010), 110 thus allaying concerns expressed about single-core studies (e.g. Blaauw and Mauquoy, 2012). Core sections were placed in labelled plastic guttering, wrapped in cling-film and/or sealable carbon-stable plastic bags, sealed using electric tape and later stored at a temperature of c. 4qC to minimise biological activity. 
Sub-sampling procedure followed conventional methods (De Vleeschouwer et al., 2010) with contiguous 115 (humification analysis) and non-contiguous (plant macrofossil and testate amoebae analysis) samples of 1 cm stratigraphic depth manually removed using a scalpel and spatula. Scissors were used where necessary to cut through root and other material. Sampling resolution for palaeoecological analyses (plant macrofossil and testate amoebae) was between 2 and 4 cm for both profiles. Sampling for tephra analysis followed standard techniques (Pilcher and Hall, 1992). Contiguous samples of 5 cm stratigraphic 120 depth were initially analysed, with resolution increasing to 0.5 cm where a potential tephra horizon was identified.  
3.2 Palaeoecological techniques 
Preparation for testate amoebae analysis followed standard techniques (Hendon and Charman, 1997; Charman et al., 2000) with minor modifications, including a reduction in sample size from 2 to 1 cm3 125 (Amesbury et al., 2011). Taxonomy followed Charman et al. (2000), except for the addition of Centropyxis 
ecornis (Booth, 2008) and the reclassification of Archerella flavum (Gomaa et al., 2013). At least 100 individual tests were counted for each level (Payne and Mitchell, 2009). Counts of as low as 50 may be sufficient in some circumstances (Payne and Mitchell, 2009) and may still be accepted for statistical analysis (Swindles et al., 2007b), but were avoided in all but a very small number of levels where testate 130 concentration and/or preservation was exceptionally poor. Testate amoebae-derived water table reconstructions were produced using the pan-European ACCROTELM transfer function, based on weighted averaging tolerance-downweighted regression with inverse deshrinking (Charman et al., 2007). Sample-specific errors for the reconstruction were calculated using 1000 bootstrap cycles (Line et al., 1994). A ‘local’ transfer function is available for northern Ireland (Swindles et al., 2009) but it produces 135 very similar reconstructions to those of more widely employed ACCROTELM model. 
Preparation of plant macrofossil material and subsequent analysis followed standard protocols (Barber et al., 2003; Mauquoy et al., 2010), with sample size reduced from 4 to 2 cm3. A range of type specimens and texts (Grosse-Brauckmann, 1972; Daniels and Eddy, 1990; Smith, 2004; Mauquoy and van Geel, 2006) aided identifications. Palaeoecological diagrams were produced using TILIA and TGView (Grimm, 1991, 140 2004). For ease of interpretation, it is common practice to transform multivariate plant macrofossil data into a univariate bog surface wetness (BSW) index, but debate continues as to which technique is most 
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effective (e.g. Barber et al., 2003; Swindles et al., 2007b; Amesbury et al., 2012; Daley and Barber, 2012). Detrended Correspondence Analysis (DCA) is widely employed in the peat-based literature and is subsequently employed here to facilitate comparison with other records. 145 
Humification analysis procedures were adapted from the standard colorimetric technique (Blackford and Chambers, 1993), with sample size reduced from 0.2 to 0.1 g. Percentage light transmission data are presented as detrended residuals, following linear regression of the raw data, to remove the down-core tendency towards a higher degree of humification (e.g. Blackford and Chambers, 1995; Langdon et al., 2003; Blundell and Barber, 2005; Borgmark and Wastegård, 2008). 150 
3.3 Chronological techniques 
AMS 14C dating of in situ, above ground plant remains and tephrochronology was used to construct age-depth models for both sites. Tephra horizons were identified in the peat cores using standard ashing and light microscopy techniques (Pilcher and Hall, 1992; Pilcher et al., 1995a; Hall and Pilcher, 2002; Swindles et al., 2010b) and the isolation of tephra shards followed the acid digestion method (Persson, 1971; 155 Dugmore, 1989; Hall and Pilcher; 2002). Geochemical analysis of tephra shards using electron probe microanalysis (EPMA) was carried out using the Cameca SX100 electron probe microanalyser at the School of Geosciences, Edinburgh University. Analytical conditions were set in order to eliminate sodium migration while maintaining an acceptable level of precision. An accelerating voltage of 15 kV and beam currents of 0.5 nA (Na, Al), 2 nA (Mg, Si, K, Ca, Fe) and 60 nA (P, Ti, Mn) were used with a beam diameter 160 
of 3 μm, and 2 nA (Na, Mg, Al, Si, K, Ca, Fe) and 60 nA (P, Ti, Mn) with a diameter of 5 μm (Hayward , 2011). Geochemical results were corrected automatically for atomic number effects, including back-scattering, fluorescence and absorption using a PAP correction programme (Pouchou and Pichoir, 1984). Geochemical results were compared with other relevant datasets (Newton et al., 2007; http://www.tephrabase.org).  165 
Whilst it has been suggested data with oxide totals of less than 95% should be omitted from analyses (Hunt and Hill, 1993), totals exceeding this are not always consistently obtainable, owing frequently to the primary magmatic and/or post-depositional hydration of shards (Pearce et al. 2008) and lower minimum oxide totals (e.g. ≥93%, Eiríksson et al., 2000, Bergman et al., 2004) have been imposed. Given the strong intra-population uniformity of the geochemical data in this study, oxide totals of ≥94% were 170 deemed appropriate. Of the 35 shards analysed from Fallahogy Bog, 24 were accepted for analysis; from Sluggan Moss, 47 shards were analysed with 40 accepted. 
Calibration of 14C ages was undertaken using the IntCal09 calibration curve (Reimer et al., 2009) and CALIB v. 6.1.0 (Stuiver et al., 2005). Median point estimates were calculated within the CALIB programme and weighted averages of the date range distribution (2σ) were taken as the midpoint of the range that 175 accounted for the greatest proportion of relative probability (Telford et al., 2004). Full, calibrated probability distributions were used in the construction of age-depth models (Telford et al., 2006; 
Michczyński, 2007). 
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4. Results 
4.1 Chronology 180 
The rhyolitic Hekla 4 tephra horizon (4345 – 4229 cal yr BP; Pilcher et al., 1996) was identified in both profiles, following comparison of shard geochemistry data between geochemically and/or chronologically similar eruptions (i.e. Hekla 3, Hekla S-Kebister) (Fig. 2). Analysis of shard distribution at 0.5 cm resolution revealed clear and discrete horizons with c. 80% of shards stratigraphically located within 1 cm in both instances. This tephrochronological pinning-point facilitates precise correlation of the proxy 185 climate records, just prior to the hypothesised onset of the 4.2 kyr event and can be incorporated in age-depth models for each profile.  
Smaller concentrations of shards found elsewhere in the sequences during the initial ashing process (Fig. 2) were also investigated at higher resolution but no distinct horizons could be identified. Other tephra horizons, occurring during across the period encompassed by this study, have been identified in northern 190 Irish peatland sites. Of note are the BMR-190, GB4-150 and OMH-185 (or ‘Microlite’) horizons, which are frequently found in close stratigraphic proximity to one another, centring on a period c. 2.6 – 2.7 kyr (Plunkett et al., 2004). The Microlite horizon has been detected in another core taken from Sluggan Moss (Plunkett, 2006) but was not found here. The potential for inter- and intra-site variability in tephra shard deposition is great (e.g. Dugmore and Newton, 1992; Langdon and Barber, 2004), however, and the 195 Microlite horizons have been shown to possess lower shard concentrations and more complex stratigraphic distributions than, for example, the Hekla 4 horizon in this study (Swindles et al., 2010a). Combined, these factors could account for the absence of the Microlite tephra from the sequences in this study.  
4.1.1 Age-depth model development 200 
Age-depth models were constructed in Clam (Blaauw, 2010), which addresses many of the criticisms of 
‘classical’ age-depth models (e.g. Bennett, 1994; Telford et al., 2004, 2006; Parnell et al., 2011) and is suggested as an alternative where the use of Bayesian approaches are unlikely to add further chronological constraint (Blaauw, 2010). 
Table 2 presents details of the 14C and tephrochronological information from both sites from which age-205 depth models were constructed. Initial exploratory age-depth modelling of the Sluggan Moss sequence revealed 14C date SM204 to be a statistical outlier and it was omitted from further models. No outliers were identified from the Fallahogy Bog sequence. Default settings included a 2σ confidence level (95.4%); 1000 (bootstrap/Monte Carlo) iterations per model, removing those that found age-depth reversals; and calendar age point estimates for depths were based on weighted averages of all age-depth curves. At both 210 sites, small amounts of extrapolation (i.e. 95 – 96 cm and 333 – 350 cm at Sluggan Moss; 195 – 198 cm and 448 – 450 cm at Fallahogy Bog) provided age estimates for all sections of the sequence subjected to palaeoecological analyses. 
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At both sites, a number of age-depth models were developed and considered. Blaauw (2010) recommends that the use of smooth age-depth models in sequences that accumulated within a stable 215 environment are likely to have experienced fewer hiatus and/or dramatic accumulation changes. As a result, smooth spline models (Fig. 3) were accepted ahead of linear interpolation models, as they do not assume abrupt changes in accumulation rate at the dated depths (Bennett, 1994) for which there was no evidence in either the litho- or biostratigraphies. Polynomial regressions of varying orders were attempted, but performed poorly at both sites with higher order models producing too many age 220 reversals. Conversely, lower order polynomials, which ran successfully were deemed too rigid to accurately model the data (Bennett and Fuller, 2002).  
Based on these smooth spline models, accumulation rates fluctuate between c. 14 and 25 years cm-1, with an average of 17 years cm-1 at Sluggan Moss, and c. 4 and 20 years cm-1, with an average of 11 years/cm-1 at Fallahogy Bog, consistent with previous accumulation rate estimates at both sites (e.g. Plunkett, 2006, 225 2009; Amesbury, 2008). 
4.2 Palaeoecological results 
4.2.1 Plant macrofossils 
Plant macrofossil data are summarised in Figures 4 and 5. Both profiles are dominated by Sphagnum 
austinii, with periodic incursions of other Sphagnum species of the Acutifolia and Cuspidata sections. DCA 230 of the plant macrofossil data produced eigenvalues of 0.6145 at Sluggan Moss and 0.4738 at Fallahogy Bog, therefore approaching or exceeding the desired value of >0.5 (ter Braak, 1995). The slightly poorer score at Fallahogy Bog could be explained by the exceptional dominance of S. austinii, with S. s. Acutifolia achieving concentrations over 20% just three times within the studied sequence. The absence of S. s. 
Cuspidata, together with an increased abundance of unidentified organic matter (UOM) compared with 235 levels seen at Sluggan Moss, indicates that Fallahogy Bog was historically the drier site. Nevertheless, at both sites species were distributed along the first axes in such a way as to indicate the presence of a latent BSW gradient within the data, as species indicative of drier (e.g. Calluna vulgaris, Erica tetralix, 
Trichophorum cespitosum) and wetter (e.g. S. s. Cuspidata, Eriophorum angustifolium) conditions were positioned at either end of the axes. Distribution of species scores at both sites approached 5 standard 240 deviations along this first axis, suggesting a lack of overlap between species of different hydrological preferences, further strengthening subsequent interpretation (Daley and Barber, 2012)  
4.2.2 Humification 
Contiguous detrended percentage light transmission data are shown alongside plant macrofossil data in Figures 4 and 5. At Sluggan Moss, three notable shifts towards higher transmission values and lower 245 degrees of humification, potentially indicative of wetter and/or cooler climatic conditions, occur (to the nearest 50 years) c. 5.5 – 5.2, 4.05 – 3.85 and 2.75 – 2.55 kyr. At Fallahogy Bog the data exhibit greater variability with periods of higher transmission values less defined, but a number of shifts characterised 
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by prolonged (>10 cm) trends towards higher transmission values begin at c. 5.65, 5.05, 4.55, 4.35, 4.2 and 3.55 kyr. 250 
4.2.3 Testate amoebae 
Summaries of the fossil testate amoebae data are shown in Figures 6 and 7. Fallahogy Bog appears to be a generally drier site, with species indicative of moderate to dry conditions (e.g. Assulina muscorum, 
Difflugia pristis-type and Trigonopyxis arcula-type) broadly more prevalent than at Sluggan Moss. The records at both sites are characterised by the interchange between two dominant species, Archerella 255 
flavum and Difflugia pulex. Although relatively underrepresented in surface samples compared with other species, D. pulex occupies a relatively dry position in the current pan-European transfer function (Charman et al., 2007), whereas A. flavum is generally considered indicative of wetter bog surface conditions.  
DCA of the datasets, to identify any latent environmental gradients influencing the data (cf. Woodland et 260 al., 1998; Chiverrell, 2001), performed well with species distributed across the respective first axes clearly demonstrating a water table gradient, as wet indicator taxa (e.g. A. flavum and Amphitrema 
wrightianum) and dry indicator taxa (e.g. Trigonopyxis arcula and Hyalosphenia subflava) were located toward either end of the axes. The relatively poor eigenvalues at Sluggan Moss (0.2819) and at Fallahogy Bog (0.2369) could be explained by the relative abundance and covariance of the two dominant species. 265 Subsequently, the data were submitted to the pan-European ACCROTELM transfer function (Charman et al., 2007). Sample-specific errors were calculated using 1000 bootstrap cycles (Birks et al., 1990; Line et al., 1994).  
5. Discussion 
5.1 Establishing a regional palaeoclimate record 270 
Peat-based palaeoclimate data from Great Britain and Ireland rarely extend back far enough to provide sufficient context to satisfactorily evaluate any potential manifestation of a 4.2 kyr event, often focusing on the last c. 4.5 kyr (e.g. Charman et al., 2006; Swindles et al. 2010a). Where longer records exist, they tend to lack the sampling and chronological resolution necessary to examine the timing and nature of mid-Holocene climatic events, and are often based on single palaeoecological proxy reconstructions (e.g. 275 plant macrofossils: Hughes et al., 2000; Barber et al., 2003; testate amoebae: Mauquoy et al., 2008).  
Inconsistencies between peat-based proxies from the same sequence are well documented (e.g. Charman et al., 1999; Chiverrell, 2001; Mauquoy et al., 2002; Blundell and Barber, 2005 Hughes et al., 2006). Subsequently, the importance of multi-proxy, multi-site studies for the cross-validation of proxy reconstructions and the establishment of a more robust regional climate signal is increasingly recognised. 280 If an allogenic climatic signal is present in palaeoecological data it would be reasonable to expect high-resolution datasets with robust chronological control, such as those presented in this study, to exhibit a 
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degree of coherence between profiles in a similar vicinity, on a proxy-by-proxy basis (cf. Mauquoy and Barber, 1999). 
5.1.1 Plant macrofossils 285 
At both sites, DCA axis one scores are heavily influenced by variations in the dominant Sphagnum species. This is especially clear at Sluggan Moss, where alternations between S. s. Acutifolia, S. s. Cuspidata and the dominant S. austinii are abrupt. As the drier of the two sites, Fallahogy Bog’s axis one score is largely driven by interchanges between S. austinii and UOM values. Modern examples of S. austinii have been shown to be capable of growing in relatively xeric conditions (Mauquoy and van Geel, 2006), whilst the 290 
species’ ability to grow under wetter bog surface conditions within the fossil record has also been demonstrated  (Casparie, 1972; van Geel, 1978; Barber, 1981). Owing to the relatively broad tolerance of 
S. austinii to water-table depth changes, records dominated by the species can exhibit climatic insensitivity, demonstrating complacency towards small-scale changes of either short duration or low magnitude (cf. Blundell and Barber, 2005; Hughes et al., 2006). Barber et al. (1994) found plant 295 macrofossil records to be at their most climatically sensitive when populated by a range of Sphagnum species, rather than a single eurytopic taxa. 
Figure 8A plots normalised plant macrofossil DCA axis one data from both sites against one another on a common age axis. Despite their topographic and environmental similarity and relative proximity to one another (c. 22 km), little coherence can be seen between the records, including between c. 4.25 – 3.75 kyr. 300 This suggests that any climate signal present in these data is weak during this period, most likely owing to climatic complacency caused by the dominance of S. austinii at both sites, and so should not be used to examine the timing and nature of the 4.2 kyr event. 
5.1.2 Humification  
Although the efficacy of humification analysis for producing records of past changes in BSW has recently 305 been called into question, owing to potentially differential decay rates in the various peat-forming plant species (Yeloff and Mauquoy, 2006), the role of secondary decomposition during short-lived dry periods (Borgmark and Schoning, 2006) and issues associated with the humic acid extraction itself (Caseldine et al., 2005), the technique remains a relatively quick and simple way to produce high-resolution, contiguous datasets, which, when incorporated as part of a comprehensive palaeohydrological multi-310 proxy study, can aid palaeoclimatic reconstruction. 
Variability in humification values at both sites follows distinctive patterns that correspond strongly to shifts in plant macrofossil data. These patterns can be seen by comparing the plant macrofossil DCA axis one scores with percentage light transmission values in Figures 4 and 5. Relationships can be statistically validated by calculation of Pearson product moment correlation coefficient (PPMCC) between all 315 humification values and plant macrofossil DCA axis one scores, revealing moderately strong correlations at both Sluggan Moss (PPMCC = -0.602, p < .05) and Fallahogy Bog (PPMCC = -0.441, p < .05).  
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Differential decay rates between peat-forming species can result in the reflection of botanical changes, alongside or in place of any direct climatic signal, in humification records (Yeloff and Mauquoy, 2006). The strength of the visual and statistical relationships suggests the presence of a ‘species signal’ within 320 the humification data at both sites. Hughes et al. (2012) developed a method of adjusting humification data, based on the k-values of the species present, in an effort to remove this ‘species signal’. However, they found the technique to be most effective over long (>8000 years) timescales where abrupt changes between Sphagnum- and sedge-dominated peats occurred, rather than shorter sequences in which 
Sphagnum generally dominates. The technique was subsequently not applied here.  325 
As the likely climatic complacency of the plant macrofossil data from both sites has already been demonstrated, corresponding humification data, strongly affected by botanical composition, are unlikely to present a coherent regional climate signal. By plotting records on a common age axis, it becomes clear that only limited regional coherence exists (Fig. 8B), with little or no coherence during the period c. 4.25 – 3.75 kyr period, implying that the data do not yield a consistent climatic signal during this period and so 330 should not be used to examine the timing and nature of the 4.2 kyr event.  
5.1.3 Testate amoebae 
Once errors associated with 14C dating are taken into consideration, the two water table reconstructions exhibit a good degree of coherence (Fig. 8C) suggestive of a common climatic driver. As well as intra-site consistency in the broad patterns of peaks and troughs in inferred water table depth, two key periods of 335 documented mid- to late-Holocene climatic change appear to register in both profiles. Firstly, the period c. 5.5 – 5.15 kyr is characterised at both sites by a broad climatic downturn, with a persistence of higher water tables, consistent with other records from Europe (e.g. Magny and Haas, 2004; Caseldine et al., 2005). Furthermore, considerable agreement is demonstrated as water table conditions indicate the presence of a regional drought period, consistent with Swindles et al. (2010a), before descending into the 340 well-documented ‘2.8 kyr event’ (e.g. van Geel et al., 1996; Barber et al., 2004; Plunkett, 2006; Swindles et al., 2007a). 
Comparison of transfer function reconstructions with instrumental climate data from the recent past has shown testate amoebae to be reliable in reconstructing even relatively low amplitude water table changes (Charman et al., 2004). This degree of sensitivity must be enabled, at least in part, by the rapid response 345 time of testate amoebae to environmental change (Buttler et al., 1996; Amesbury et al., 2012), likely to be facilitated by rapid reproduction rates exhibited by the organisms (McCarthy et al., 1995, Charman, 2001). These characteristics are encouraging to those wishing to reconstruct periods of change, which are abrupt and/or subtle in nature. Indeed, Blundell and Barber (2005) found that in some circumstances, testate amoebae reconstructions are more consistent than the other BSW reconstruction techniques, 350 which, as observed here, can exhibit complacency. 
5.1.4 Tuning and stacking 
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Since only the testate amoebae data expressed consistent regional coherence, they have been combined to produce a regional, mid-Holocene palaeoclimate reconstruction following the methods of Charman et al. (2006) and Blundell et al. (2008) in Great Britain and Swindles et al. (2010a) in Ireland. After 355 conversion to normalised values, key points of change, based on peaks and troughs, were identified in 
each record, with an average age calculated for each ‘match point’ based on the original age-depth models. An adjusted age-depth model was produced based on linear interpolation, in preference to polynomial and regression models (cf. Telford et al., 2004), between these match points. The revised chronology also included the Hekla 4 tephra isochron as an independent time-parallel marker horizon (cf. 360 Langdon and Barber, 2004). 
Charman et al. (2006) stated that whilst this process cannot guarantee that the revised chronology is any nearer to the true age-depth relationship, it is important that the age estimates are consistent with the original age-depth model for any of the incorporated records. Subsequently, the revised chronology was plotted alongside each original chronology, to ensure that it fell within the initial age estimates (at 2σ 365 error). 
The potential for subjectivity in the tuning process has, however, been criticised (Blaauw, 2012). Swindles et al. (2012a) emphasised the importance of presenting alternative tuning scenarios, based on plausible combinations of match points. Therefore, a number of a number of plausible combinations were considered, with the set chosen (Fig. 9, i – x) representing the most parsimonious scenario, in that they 370 required the least chronological migration from the existing age-depth models. 
The composite record was produced by merging data from each record using a 100-year moving average, retaining long-term climate signals, whilst reducing chronological and ecological uncertainties specific to 
each site’s record (Charman et al., 2006; Blundell et al., 2008). As the studied sequence is temporally shorter at Fallahogy Bog, values from Sluggan Moss were taken as being representative of the region for 375 the periods at either end of the combined record. The result is a regional palaeoclimate curve spanning approximately 4000 years, between c. 6.5 – 2.5 kyr (Fig. 9C) which, whilst bearing in mind the potential for chronological and reconstructive error (Swindles et al., 2012a), is presented as a regional palaeoclimatic curve, overcoming problems that beset the correlation of such records and providing a more reliable basis for comparisons with other regional records than single-proxy, single-site records 380 alone (cf. Charman et al., 2006). 
5.2 A 4.2 kyr event in Great Britain and Ireland?  
During the period c. 4.25 – 3.75 kyr some moderate increases in water table depth can be seen in the stacked testate amoebae records from Sluggan Moss and Fallahogy Bog (Fig. 10A), but these are not distinguishable from variability elsewhere in the studied sequence and therefore present no compelling 385 evidence to support previous assertions that this was a marked period of prevailing wet conditions in Great Britain and Ireland (e.g. Hughes et al., 2000; Barber et al., 2003; Barber, 2007; Mauquoy et al., 2008; Daley and Barber, 2012). 
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Other stacked testate amoebae data from northern Ireland (Fig. 10B; Swindles et al., 2010a) and northern Britain (Fig. 10C; Charman et al., 2006) lack sufficient temporal resolution toward the beginning of the c. 390 4.25 – 3.75 kyr period and do not persist back beyond c. 4.5 kyr, making contextualisation of a potential 4.2 kyr event difficult. Together with a fourth lower-resolution, stacked but untuned palaeoecological (i.e. plant macrofossil and testate amoebae data) record from Scotland (Fig. 10D; Langdon and Barber, 2005), these records display some broad correlation, but agreement during the c. 4.25 – 3.75 kyr period is negligible. 395 
Figure 10 (E – J) presents a number of peat-based palaeoecological records from Great Britain and Ireland, in an effort to establish regional coherence. Four of these records (Walton Moss, Fig. 10E, Hughes et al., 2000; Butterburn Flow, Fig. 10F, Mauquoy et al., 2008; Abbeyknockmoy Bog, Fig. 10H; Barber et al., 2003; Bolton Fell Moss, Fig. 10I, Barber et al., 2003) demonstrate some form of shift to wetter conditions during the c. 4.25 – 3.75 kyr period, but coherence in terms of timing, duration and signal structure is 400 relatively poor.  
The above records exhibit rather more complex variability than the high-resolution stacked records (Figs. 10A – C) supporting an assertion that climate is not the sole driver of these records. Indeed three records (Fig. 10E, H and I) are based on plant macrofossil data alone, which this study along with others (e.g. Blundell and Barber, 2005; Hughes et al., 2006) has demonstrated a potential for periodic climatic 405 complacency, a feature most obviously demonstrated during this period by the record from Mongan and Abbeyknockmoy Bogs, central Ireland (Fig. 10G, Barber et al., 2003). 
Sampling strategy and chronological control also varies greatly between these records. For example, analytical resolution of the testate amoebae record at Butterburn Flow is extremely varied, and whilst dating resolution is relatively good at Bolton Fell Moss during the c. 7.0 – 2.0 kyr period presented here, 410 the 14C ages were obtained from bulk samples, which included material from up to 8 vertical cm; a relatively imprecise practice abandoned in the wake of the small samples sizes required and stratigraphic precision afforded by AMS 14C dating. Similarly, linear regression age depth models were employed at Abbeyknockmoy and Mongan Bogs and Bolton Fell Moss, which are unlikely to present a realistic model of peat accumulation, especially given the dramatic alternations between Sphagnum and 415 monocotyledonous material within the sequences.  
A second, multi-proxy record from Walton Moss (Fig. 10J, Daley and Barber, 2012) demonstrates a shift toward wetter conditions c. 4.2 kyr. However, shifts of similar relative magnitude occur elsewhere in the record and comparison of these data with other records from the region again reveals considerable disagreement with key regional trends. For example, the period after c. 3.0 kyr is characterised by a 420 notable drying trend in this Walton Moss core, whereas the majority of other records from region exhibit a clear, if complex, shift towards wetter conditions, perhaps questioning the record’s legitimacy as an archive solely of climatic change. 
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Broad regional comparisons of these and a number of other similar bog records have been undertaken in an attempt to identify periods of climatic change in northwest Europe (e.g. Hughes et al., 2000; Barber et 425 al., 2003, 2004; Barber, 2007). However, in light of the various issues outlined here, it could be suggested that in some instances, such as the 4.2 kyr event, it is very difficult to reconcile inconsistencies in chronological and analytical resolution, especially when hypothesised proxy climate records from those sites have not been cross-validated with equivalent records in the immediate vicinity. In comparison, the regional palaeoclimate record developed by this study was the result of comprehensive inter- and intra-430 site cross-validation of proxy records of robust chronology, from climatically sensitive sites in a region heavily influenced by North Atlantic ocean-atmosphere circulation systems, changes in which are proposed as influential factors of the 4.2 kyr event. From this record, alongside comparisons with other regional peat-based records, no regionally coherent, prolonged phase of notably wetter and/or colder prevailing climatic conditions associated with the 4.2 kyr event in Great Britain and Ireland could be 435 identified. 
The lack of a coherent 4.2 kyr event in Great Britain and Ireland implies that the dominant forcing mechanisms of the period of change may not lie in the North Atlantic, or at least that any atmospheric-oceanic circulation changes in the region may not have been severe enough to register in the peatland archive. The manifestation of the event at lower latitudes, most often as a period of drier conditions, is far 440 more convincing (Roland, 2012) and therefore further work, possibly by simulating the specific event using general circulation models, is required to shed further light on the event’s likely causes.  
5.3 Other mid-Holocene climatic events  
The fact that the ‘2.8 kyr event’ complex is so clearly visible in this study’s stacked testate amoebae record further emphasises its legitimacy as a regional palaeoclimate record. Figure 10 highlights this 445 period across all previously discussed records showing that, within the errors associated with 14C dating, a period of considerable climatic change can be seen in the majority of profiles between c. 3.25 – 2.6 kyr, characterised by an overall downward shift towards wetter conditions, preceded by a notably drier period. 
A ‘double-dip’ pattern can be clearly seen in all of the higher-resolution stacked records from northern 450 Ireland (this study; Swindles et al., 2010a) and northern Great Britain (Charman et al., 2006) (Fig. 10A – C). Disparity in the timing of these changes may be accounted for by the error margins of their 14C chronologies and the comparatively small number of records used in the northern Irish studies, compared to Great Britain. 
The initial shift to drier conditions c. 3.25 kyr is particularly prominent in the testate amoebae records 455 from Sluggan Moss (Fig. 6) and Fallahogy Bog (Fig. 7), representing the largest magnitude shift in either record and possessing such a degree of chronological coherence between sequences that it can be confidently attributed to a significant climatic change.  
 14 
Swindles et al. (2010a) found evidence for a number of widespread summer ‘drought’ phases in two late-Holocene peat records from northern Ireland, the earliest of which was dated to c. 1150 – 800 BC (i.e. c. 460 3.1 – 2.75 kyr). As is the case in the WTD reconstructions presented in this study, the drought phases identified by Swindles et al. (2010a) were followed immediately by significant shifts back towards wetter conditions. The similarity in this pattern, coupled with the potential for minor chronological offset between the tuned and stacked records produced here and by Swindles et al. (2010a), leads to the conclusion that the events are the same, with the reasonable assumption made that chronological error 465 can account for the slight disparity in timing. Subsequently, this temporal correlation indicates the presence of a significant climatic change around this time, and further confirms the climatic nature of the regional signal produced by the testate amoebae data.  
The succeeding wet shift, commencing c. 3.1 kyr, persists until c. 2.6 kyr, but is punctuated by a short-lived dry period centring c. 2.8 kyr. When likely chronological discrepancies are taken into consideration, 470 this pattern is consistent with many BSW records from Great Britain (e.g. Walton Moss, Hughes et al., 2000, Fig. 10E; Butterburn Flow, Mauquoy et al., 2008, Fig. 10F) and central Ireland (e.g. Abbeyknockmoy, Barber et al. 2003, Fig. 10H; Mongan Bog, Barber et al., 2003; Fig. 10G), as well as stacked records from northern Great Britain (Fig. 10C, Charman et al., 2006) and Scotland (Fig. 10D, Langdon and Barber, 2005), despite the latter’s lower resolution. If the potential chronological issues regarding the Swindles et 475 al. (2010a) stacked record, outlined above, are extended through this period, then good agreement also exists here. At many of these sites, the wet phase persists until c. 2.3 kyr. In the stacked record presented here (representing only Sluggan Moss data at this age), however, water tables appear to return to levels comparable with the sequence mean c. 2.6 kyr, although, these levels are still significantly below the preceding dry period. 480 
Further comparison with palaeoclimatic records from the North Atlantic region demonstrates that the c. 3.25 – 2.3 kyr period is characterised by significant climatic variation, appearing broadly concurrent with IRD event 2 (Bond et al., 2001). Sea surface temperatures in the North Atlantic (Sejrup et al., 2011) and GISP2 Na concentrations, a proxy for the latitudinal extent of the polar vortex (O’Brien et al., 1995), rise and fall in a fashion very similar to the pattern witnessed in this study’s stacked palaeoecological record 485 during the period. Records of estimated temperature from Greenland also display a decline at this time (Alley, 2000).  
Overall, this collective body of evidence further reinforces previous assertions, that this period was one of major climatic change in both hemispheres, often hypothesised to have had considerable societal repercussions and characterised by a decline to wetter and/or colder conditions just after c. 3.0 kyr in 490 northwest Europe (e.g. van Geel et al., 1996, 2004; Chambers et al., 2007; Tipping et al., 2008). 
Many studies have attributed these changes to fluctuations in solar activity, dominated by a reduction c. 2.8 – 2.71 kyr (e.g. van Geel et al., 1996, 1998; Speranza et al., 2002; Blaauw et al., 2004a; Mauquoy et al., 2004b). However, in Ireland, it has been suggested that whilst records exhibit evidence for a similar response to this solar forcing, this manifestation is delayed by approximately 100 years (Swindles et al., 495 
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2007a; Plunkett and Swindles, 2008). It has been suggested that this is perhaps the result of the island’s proximity to the ocean, with peatlands responding to solar-mediated changes in ocean circulation patterns (Mauquoy et al., 2008). Plunkett (2006) has also discussed the possibility of a non-uniform response to solar forcing, but still the precise nature of the impact of solar forcing on peat-based palaeoclimate records remains uncertain. Whilst the chronologies presented in this study can be 500 considered robust, it would still be difficult to assess whether variation in solar activity had any bearing on the palaeoecological changes seen here, on the basis of these data. The complex period of change characterised by an initial shift to drier conditions c. 3.25 kyr does, however, appear to precede any major changes in solar activity.  
6. Conclusions 505 
Evidence for the ‘4.2 kyr event’ has been reported globally and is strongest, but not limited to, the lower latitudes (Roland, 2012). The broad spatial scale, severity of its effects in some regions and apparent manifestation in the archaeological record (Weiss and Bradley, 2001; Staubwasser and Weiss, 2006) highlight the period as one of great palaeoclimatic importance and societal interest. The 4.2 kyr event was most likely caused by a complex set of interactions within the global ocean-atmosphere circulation 510 system. 
Although some previous peat-based data have suggested a period of climatic change in Great Britain and Ireland at this time, this study found no compelling evidence support this, despite using methods and site selection criteria specifically designed with this purpose in mind. The high-resolution, multi-proxy palaeoecological records from the North of Ireland provided the best opportunity to examine this event, 515 in terms of the potential for climatic sensitivity and chronological constraint, in northwest Europe. It is possible that homeostatic water table responses masked the effects of climatic forcing during the 4.2 kyr event at one or both of the peatlands employed in this study (cf. Swindles et al., 2012b), but the lack of coherence between these and other regional BSW/WTD reconstructions at this time suggests that this was not the case (Fig. 10). As a result it is argued that the manifestation of the 4.2 kyr event in Great 520 Britain and Ireland is unclear and of questionable significance, and its use as a new Middle-Late Holocene boundary (Walker et al., 2012) may not be justified in the northwest European region. Furthermore, these findings emphasise that caution must be exercised when correlating changes in the archaeological 
record to ‘events’ in climatic record. Changes in both the climatic and archaeological archives are frequently time-transgressive and/or of spatially variable manifestation. As a result, climatic change, 525 whilst providing important context for cultural changes, can rarely be identified as a determining factor (Coombes and Barber, 2005; Brown 2008) and these relationships are often far more complex (Tainter, 1988; Amesbury et al., 2008; Brown et al., 2011). The findings of this study support the suggestion that simple correlations between climatic events and hypothesised societal responses are likely to be problematic. 530 
The effects of non-climatic and/or allogenic forcing factors on BSW/WTD reconstructions (Swindles et al., 2012b) were minimised in this study through careful site selection and intra-site proxy record 
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comparison. However, certain palaeoecological proxy records (e.g. plant macrofossil and humification) still exhibit signs of climatic complacency. This suggests that the construction of composite BSW curves and the identification of wet shifts based upon multi-proxy climate curves should never be attempted 535 without confirming first that each record used represents a robust regional climatic signal. This can be achieved through the inter-site comparison of proxy reconstructions. 
As a result of the climatic complacency of proxy records in certain instances, a multi-proxy, multi-site approach to the examination of Holocene climatic change and the events within that variability is essential. In this study, this approach enabled climatically insensitive records from both sites to be 540 identified and excluded from further analyses. This study also found that by fully exploring the potential of both 14C and tephrochronological dating techniques, inter-site comparisons can be far more robust and should be practiced to the greatest extent possible.  
Currently there is a disparity between the reality and the potential of long-core peat-based multi-proxy palaeoclimate studies in Ireland as the majority of records do not extend beyond 4.5 kyr. Owing to the 545 
region’s proximity to the climatically-important North Atlantic, the potential palaeoclimatic contribution of the region is great and further research may yield important developments in our understanding of mid and early-Holocene climate change in the region, especially if recent developments in the reconstruction of atmospheric circulation changes based on geochemical and mineralogical data (e.g. Daley et al., 2010; De Jong et al., 2006; De Vleeschouwer et al., 2009) are extended here. 550 
Acknowledgements 
This research was carried out while T.P.R. held a UK Natural Environment Research Council studentship (NE/G524328/1) at the University of Exeter. Thanks to Gareth Thompson who provided welcome assistance in the field. Radiocarbon support was provided by the NERC 14C Steering Committee (Allocation No.: 1523.0910) and the Irish Quaternary Association via the IQUA Bill Watts  14Chrono award. 555 Thanks to Dr. Chris Hayward for his help and advice in geochemical analysis of the tephra. Thanks to Prof. John Lowe for giving permission to edit Fig. 1. We are grateful to Dr. Graeme Swindles and an anonymous reviewer whose thoughtful comments helped to improve this paper.  
References 
Aaby, B., 1976. Cyclic climatic variations in climate over the past 5,500 yr reflected in raised bogs. Nature 560 263, 281-284. 
Alley, R.B., 2000. The Younger Dryas cold interval as viewed from central Greenland. Quaternary Science Reviews 19, 213–226. 
Alley, R.B., Marotzke, J., Nordhaus, W., Overpeck, J., Peteet, D., Pielke, R., Jr, Pierrehumbert, R., Rhines, P., Stocker, T., Talley, L., 2003. Abrupt climate change. Science 299, 2005–2010. 565 
 17 
Amesbury, M.J., 2008. Fine-resolution peat-based palaeoclimate records of the late-Holocene. PhD Thesis, University of Southampton. 
Amesbury, M.J., Charman, D.J., Fyfe, R.M., Langdon, P.G., West, S., 2008. Bronze Age upland settlement decline in southwest England: testing the climate change hypothesis. Journal of Archaeological Science 35, 87-98. 570 
Amesbury, M.J., Barber, K.E., Hughes, P.D.M., 2011. The methodological basis for fine-resolution, multi-proxy reconstructions of ombrotrophic peat bog surface wetness. Boreas 40, 161–174. 
Amesbury, M.J., Barber, K.E., Hughes, P.D.M., 2012. The relationship of fine-resolution, multi-proxy palaeoclimate records to meteorological data at Fågelmossen, Värmland, Sweden and the implications for the debate on climate drivers of the peat-based record. Quaternary International 268, 77–86. 575 
Anderson, E., Harrison, S., Passmore, D., Mighall, T., Wathan, S., 2004. Late Quaternary river terrace development in the Macgillycuddy's Reeks, southwest Ireland. Quaternary Science Reviews 23, 1785–1801. 
Barber, K.E., 1981. Peat Stratigraphy and Climatic Change: A Palaeoecological Test of the Theory of Cyclic Peat Bog Regeneration. A A Balkema, Rotterdam. 580 
Barber, K.E., 2007. Peatland records of Holocene climate change. In: Elias, S. (ed.) Encyclopedia of Quaternary Science. Elsevier, Oxford, pp. 1884–1895. 
Barber, K.E., Chambers, F.M., Maddy, D., Stoneman, R., Brew, J.S., 1994. A sensitive high-resolution record of late Holocene climatic change from a raised bog in northern England. The Holocene 4, 198–205. 
Barber, K.E., Dumayne-Peaty, L., Hughes, P., Mauquoy, D., Scaife, R., 1998. Replicability and variability of 585 the recent macrofossil and proxy-climate record from raised bogs: field stratigraphy and macrofossil data from Bolton Fell Moss and Walton Moss, Cumbria, England. Journal of Quaternary Science 13, 515-528. 
Barber, K.E., Maddy, D., Rose, N., Stevenson, A., Stoneman, R., Thompson, R., 2000. Replicated proxy-climate signals over the last 2000 yr from two distant UK peat bogs: new evidence for regional palaeoclimate teleconnections. Quaternary Science Reviews 19, 481–487. 590 
Barber, K.E., Chambers, F., Maddy, D., 2003. Holocene palaeoclimates from peat stratigraphy: macrofossil proxy climate records from three oceanic raised bogs in England and Ireland. Quaternary Science Reviews 22, 521–539. 
Barber, K.E., Chambers, F., Maddy, D., 2004. Late Holocene climatic history of northern Germany and Denmark: peat macrofossil investigations at Dosenmoor, Schleswig-Holstein, and Svanemose, Jutland. 595 Boreas 33, 132–144. 
 18 
Becker, B., Kromer, B., 1993. The continental tree-ring record - absolute chronology, 14C calibration and climatic change at 11 ka. Palaeogeography Palaeoclimatology Palaeoecology 103, 67-71. 
Bennett, K.D., 1994. Confidence intervals for age estimates and deposition times in late-Quaternary sediment sequences. The Holocene 4, 337–348. 600 
Bennett, K.D., Fuller, J.L., 2002. Determining the age of the mid-Holocene Tsuga canadensis (hemlock) decline, eastern North America. The Holocene 12, 421–429. 
Bergman, J., Wastegård, S., Hammarlund, D., Wohlifarth, B., Roberts, S., 2004. Holocene tephra horizons at Klocka Bog, west-central Sweden: aspects of reproducibility in subarctic peat deposits. Journal of Quaternary Science 19, 241–249. 605 
Birks, H.J.B., Line, J.M., Juggins, S., Stevenson, A.C., ter Braak, C.J.F., 1990. Diatoms and pH reconstruction. Philosophical Transactions of the Royal Society of London Series B - Biological Sciences 327, 263-278. 
Blaauw, M., 2010. Methods and code for ‘classical’ age-modelling of radiocarbon sequences. Quaternary Geochronology 5, 512–518. 
Blaauw, M., 2012. Out of tune: the dangers of aligning proxy archives. Quaternary Science Reviews 36, 38–610 49. 
Blaauw, M., Mauquoy, D., 2012. Signal and variability within a Holocene peat bog – Chronological uncertainties of pollen, macrofossil and fungal proxies. Review of Palaeobotany and Palynology 186, 5–15. 
Blaauw, M., van Geel, B., Mauquoy, D., van der Plicht, J., 2004. Carbon‐14 wiggle‐match dating of peat 615 deposits: advantages and limitations. Journal of Quaternary Science 19, 177–181. 
Blackford, J.J., Chambers, F.M., 1993. Determining the degree of peat decomposition for peat-based palaeoclimatic studies. International Peat Journal 5, 7–24. 
Blackford, J.J., Chambers, F.M., 1995. Proxy climate record for the last 1000 years from Irish blanket peat and a possible link to solar variability. Earth and Planetary Science Letters 133, 145–150. 620 
Blundell, A., Barber, K.E., 2005. A 2800-year palaeoclimatic record from Tore Hill Moss, Strathspey, Scotland: the need for a multi-proxy approach to peat-based climate reconstructions. Quaternary Science Reviews 24, 1261–1277. 
Blundell, A., Charman, D.J., Battarbee, K.E., 2008. Multiproxy late Holocene peat records from Ireland: towards a regional palaeoclimate curve. Journal of Quaternary Science 23, 59–71. 625 
 19 
Bond, G.C., Kromer, B., Beer, J., Muscheler, R., Evans, M., Showers, W., Hoffmann, S., Lotti-Bond, R., Hajdas, I., Bonani, G., 2001. Persistent solar influence on North Atlantic climate during the Holocene. Science 294, 2130–2136. 
Booth, R.K., 2008. Testate amoebae as proxies for mean annual waiter-table depth in Sphagnum-dominated peatlands of North America. Journal of Quaternary Science 23, 43–57. 630 
Booth, R.K., 2010. Testing the climate sensitivity of peat-based paleoclimate reconstructions in mid-continental North America. Quaternary Science Reviews 29, 720–731. 
Booth, R.K., Jackson, S., Forman, S., Kutzbach, J., Bettis, E., III, Kreigs, J., Wright, D., 2005. A severe centennial-scale drought in midcontinental North America 4200 years ago and apparent global linkages. The Holocene 15, 321–328. 635 
Borgmark, A., Schoning, K., 2006. A comparative study of peat proxies from two eastern central Swedish bogs and their relation to meteorological data. Journal of Quaternary Science 21, 109–114. 
Borgmark, A., Wastegård, S., 2008. Regional and local patterns of peat humification in three raised peat bogs in Värmland, south-central Sweden. GFF 130, 161–176. 
Broecker, W.S., 2006. Abrupt climate change revisited. Global And Planetary Change 54, 211–215. 640 
Brown, A. G., 2008. Geoarchaeology, the four dimensional (4D) fluvial matrix and climatic causality. Geomorphology 101, 278-297.  
Brown, A. G., Basell L. S., Butzer, K. W. (Eds.), 2011. Geoarchaeology, Climate Change and Sustainability. Geological Society of America Special Publication 476, pp. 194.  
Buttler, A., Warner, B.G., Grosvernier, P., Matthey, Y., 1996. Vertical patterns of testate amoebae 645 (Protozoa: Rhizopoda) and peat-forming vegetation on cutover bogs in the Jura, Switzerland. New Phytologist 134, 371–382. 
Caseldine, C.J., Thompson, G., Langdon, C., Hendon, D., 2005. Evidence for an extreme climatic event on Achill Island, Co. Mayo, Ireland around 5200-5100 cal. yr BP. Journal of Quaternary Science 20, 169–178. 
Casparie, W.A., 1972. Bog development in southeastern Drenthe. Vegetatio 25, 1-271. 650 
Chambers, F.M., Mauquoy, D., Brain, S.A., Blaauw, M., Daniell, J.R.G., 2007. Globally synchronous climate change 2800 years ago: proxy data from peat in South America. Earth and Planetary Science Letters 253, 439–444. 
Charman, D.J., 2001. Biostratigraphic and palaeoenvironmental applications of testate amoebae. Quaternary Science Reviews 20, 1753–1764. 655 
 20 
Charman, D.J., 2007. Summer water deficit variability controls on peatland water-table changes: implications for Holocene palaeoclimate reconstructions. The Holocene 17, 217–227. 
Charman, D.J., Hendon, D., Packman, S., 1999. Multiproxy surface wetness records from replicate cores on an ombrotrophic mire: implications for Holocene palaeoclimate records. Journal of Quaternary Science 14, 451–463. 660 
Charman, D.J., Hendon, D., Woodland, W.A., 2000. The Identification of Testate Amoebae (Protozoa: Rhizopoda) in Peats. QRA Technical Guide No. 9. Quaternary Research Association, London. 
Charman, D.J., Brown, A., Hendon, D., Karofeld, E., 2004. Testing the relationship between Holocene peatland palaeoclimate reconstructions and instrumental data at two European sites. Quaternary Science Reviews 23, 137–143. 665 
Charman, D.J., Blundell, A., Chiverrell, R., Hendon, D., Langdon, P.G., 2006. Compilation of non-annually resolved Holocene proxy climate records: stacked Holocene peatland palaeo-water table reconstructions from northern Britain. Quaternary Science Reviews 25, 336–350. 
Charman, D.J., Blundell, A., ACCROTELM Members, 2007. A new European testate amoebae transfer function for palaeohydrological reconstruction on ombrotrophic peatlands. Journal of Quaternary Science 670 22, 209–221. 
Charman, D.J., Barber, K.E., Blaauw, M., Langdon, P.G., Mauquoy, D., Daley, T.J., Hughes, P.D.M., Karofeld, E., 2009. Climate drivers for peatland palaeoclimate records. Quaternary Science Reviews 28, 1811–1819. 
Chiverrell, R., 2001. A proxy record of late Holocene climate change from May Moss, northeast England. Journal of Quaternary Science 16, 9–29. 675 
Coombes, P., Barber, K.E., 2005. Environmental determinism in Holocene research: causality or coincidence? Area 37, 303–311. 
Cullen, H., deMenocal, P., Hemming, S., Hemming, G., Brown, F., Guilderson, T., Sirocko, F., 2000. Climate change and the collapse of the Akkadian empire: Evidence from the deep sea. Geology 28, 379–382. 
Daley, T.J., Barber, K.E., 2012. Multi-proxy Holocene palaeoclimate records from Walton Moss, northern 680 England and Dosenmoor, northern Germany, assessed using three statistical approaches. Quaternary International 268, 111–127. 
Daley, T.J., Street-Perrott, F.A., Loader, N.J., Barber, K.E., Hughes, P.D.M., Fisher, E.H., Marshall, J.D., 2009. 
Terrestrial climate signal of the ‘8200 yr B.P. cold event’ in the Labrador Sea region. Geology 37, 831–834. 
 21 
Daley, T.J., Barber, K.E., Street-Perrott, F.A., Loader, N.J., Marshall, J.D., Crowley, S.F., Fisher, E.H., 2010. 685 Holocene climate variability revealed by oxygen isotope analysis of Sphagnum cellulose from Walton Moss, northern England. Quaternary Science Reviews 29, 1590–1601. 
Daniels, R.E, Eddy, A., 1990. A handbook of European Sphagna. Natural Environment Research Council, Swindon. 
de Jong, R., Bjorck, S., Bjorkman, L., Clemmensen, L.B., 2006. Storminess variation during the last 6500 690 years as reconstructed from an ombrotrophic peat bog in Halland, southwest Sweden. Journal of Quaternary Science 21, 905–919. 
De Vleeschouwer, F., Piotrowska, N., Sikorski, J., Pawlyta, J., Cheburkin, A., Le Roux, G., Lamentowicz, M., 
Fagel, N., Mauquoy, D., 2009. Multiproxy evidence of “Little Ice Age” palaeoenvironmental changes in a peat bog from northern Poland. The Holocene 19, 625–637. 695 
De Vleeschouwer, F., Chambers, F.M., Swindles, G.T., 2010. Coring and sub-sampling of peatlands for palaeoenvironmental research. Mires and Peat 7, 1–10. 
Double, K.W.W., 1954. A survey of the peat resources of Northern Ireland. MSc. Thesis, Queens University, Belfast. 
Drysdale, R., Zanchetta, G., Hellstrom, J., Maas, R., Fallick, A., Pickett, M., Cartwright, I., Piccini, L., 2006. 700 Late Holocene drought responsible for the collapse of Old World civilizations is recorded in an Italian cave flowstone. Geology 34, 101–104. 
Dugmore, A.J., 1989. Icelandic volcanic ash in Scotland. Scottish Geographical Journal 105, 168–172. 
Dugmore, A.J., Newton, A.J., 1992. Thin tephra layers in peat revealed by x-radiography. Journal of Archaeological Science 19, 163-170. 705 
Eiríksson, J., Knudsen, K., Haflidason, H., Heinemeier, J., 2000. Chronology of late Holocene climatic events in the northern North Atlantic based on AMS C-14 dates and tephra markers from the volcano Hekla, Iceland. Journal of Quaternary Science 15, 573–580. 
Gomaa, F., Mitchell, E.A.D., Lara, E., 2013. Amphitremida (Poche, 1913) Is a New Major, Ubiquitous Labyrinthulomycete Clade. PLoS ONE 8, e53046. 710 
Grimm, E.C., 1993. TILIA 2.0 version b.4 (computer software). Illinois State Museum, Springfield, Illinois. 
Grimm, E.C., 2004. TGView. Illinois State Museum, Springfield, Illinois. 
Grosse-Brauckmann G., 1972. Über pflanzliche makrofossilien mitte- leuropäischer torfe. I. Gewebereste krautiger pflanzen und ihremerkmale. Telma 2, 19–55. 
 22 
Hall, V.A., 2000. A comparative study of the documentary and pollen analytical records of the vegetational 715 history of the Irish landscape. Peritia 14, 342–371. 
Hall, V.A., 2003. Assessing the impact of Icelandic volcanism on vegetation systems in the North of Ireland in the fifth and sixth millennia BC. The Holocene 13, 131–138. 
Hall, V.A., Pilcher, J.R., 2002. Late-Quaternary Icelandic tephras in Ireland and Great Britain: detection, characterization and usefulness. The Holocene 12, 223–230. 720 
Hall, V.A., Pilcher, J.R., McCormac, F.G., 1993. Tephra-dated Lowland Landscape History of the North of Ireland, A.D. 750-1150. New Phytologist 125, 193-201. 
Hall, V.A., Pilcher, J.R., McVicker, S.J., 1994. Tephra-linked studies and environmental archaeology, with special reference to Ireland. Circaea, The Journal of the Association for Environmental Archaeology 11, 17–22. 725 
Hayward, C., 2011. High spatial resolution electron probe microanalysis of tephras and melt inclusions without beam-induced chemical modification. The Holocene 22, 119–125. 
Hendon, D., Charman, D.J., 1997. The preparation of testate amoebae (Protozoa: Rhizopoda) samples from peat. The Holocene 7, 199–205. 
Hoerling, M., Kumar, A., (2003) A perfect ocean for drought. Science 299, 691-694. 730 
Holmes, J.E., 1998. A tephra-dated study of vegetation and climate in the mid-Holocene of North-West 
Europe. PhD thesis, Queen’s University, Belfast. 
Hughes, P.D.M., Battarbee, K.E., Langdon, P.G., Mauquoy, D., 2000. Mire-development pathways and palaeoclimatic records from a full Holocene peat archive at Walton Moss, Cumbria, England. The Holocene 10, 465–479. 735 
Hughes, P.D.M., Blundell, A., Charman, D.J., Bartlett, S., Daniell, J.R.G., Wojatschke, A., Chambers, F.M., 2006. An 8500 cal. year multi-proxy climate record from a bog in eastern Newfoundland: contributions of meltwater discharge and solar forcing. Quaternary Science Reviews 25, 1208–1227. 
Hughes, P.D.M., Mallon, G., Essex, H.J., Amesbury, M.J., Charman, D.J., Blundell, A., Chambers, F.M., Daley, T.J., Mauquoy, D., 2012. The use of k-values to examine plant `species signals' in a peat humification 740 record from Newfoundland. Quaternary International 268, 156–165. 
Hunt, J.B., Hill, P.G., 1993. Tephra geochemistry: a discussion of some persistent analytical problems. The Holocene 3, 271-278. 
Langdon, P.G., Barber, K.E., 2004. Snapshots in time: precise correlations of peat-based proxy climate records in Scotland using mid-Holocene tephras. The Holocene 14, 21–33. 745 
 23 
Langdon, P.G., Battarbee, K.E., Hughes, P.D.M., 2003. A 7500-year peat-based palaeoclimatic reconstruction and evidence for an 1100-year cyclicity in bog surface wetness from Temple Hill Moss, Pentland Hills, southeast Scotland. Quaternary Science Reviews 22, 259–274. 
Langdon, P.G., Brown, A.G., Caseldine, C.J., Blockley, S.P.E., Stuijts, I., 2012. Regional climate change from peat stratigraphy for the mid- to late Holocene in central Ireland. Quaternary International 268, 145-155. 750 
Line, J., ter Braak, C.J.F., Birks, H., 1994. WACALIB version 3.3—a computer program to reconstruct environmental variables from fossil assemblages by weighted averaging and to derive sample-specific errors of prediction. Journal of Paleolimnology 10, 147–152. 
Liu, F., Feng, Z., 2012. A dramatic climatic transition at~ 4000 cal. yr BP and its cultural responses in Chinese cultural domains. The Holocene 22, 1181-1197. 755 
Lowe, J.J., Walker, M., Scott, E., Harkness, D., Bryant, C.L., Davies, S.M., 2004. A coherent high-precision radiocarbon chronology for the Late-glacial sequence at Sluggan Bog, Co. Antrim, Northern Ireland. Journal of Quaternary Science 19, 147–158. 
Magny, M., Haas, J.N., 2004. A major widespread climatic change around 5300 cal. yr BP at the time of the Alpine Iceman. Journal of Quaternary Science 19, 423–430. 760 
Marchant, R., Hooghiemstra, H., 2004. Rapid environmental change in African and South American tropics around 4000 years before present: a review. Earth Science Reviews 66, 217–260. 
Mauquoy, D., Barber, K.E., 1999. A replicated 3000 yr proxy-climate record from Coom Rigg Moss and Felecia Moss, the Border Mires, northern England. Journal of Quaternary Science 14, 263–275. 
Mauquoy, D., van Geel, B., 2006. Mire and peat macros. In: Elias, S. (Ed.) Encyclopedia of Quaternary 765 Science. Elsevier, Oxford, pp. 2315–2336. 
Mauquoy, D., van Geel, B., Blaauw, M., van der Plicht, J., 2002. Evidence from northwest European bogs 
shows “Little Ice Age” climatic changes driven by variations in solar activity. The Holocene 12, 1–6. 
Mauquoy, D., van, B., Blaauw, M., Speranza, A., van, J., 2004. Changes in solar activity and Holocene climatic shifts derived from 14C wiggle-match dated peat deposits. The Holocene 14, 45–52. 770 
Mauquoy, D., Yeloff, D., van Geel, B., Charman, D.J., Blundell, A., 2008. Two decadally resolved records from north-west European peat bogs show rapid climate changes associated with solar variability during the mid-late Holocene. Journal of Quaternary Science 23, 745–763. 
Mauquoy, D., Hughes, P.D.M., van Geel, B., 2010. A protocol for plant macrofossil analysis of peat deposits. Mires and Peat 7, 1–5. 775 
 24 
McCabe, A.M., Clark, P.U., 1998. Ice-sheet variability around the North Atlantic Ocean during the last deglaciation. Nature 392, 373–377. 
McCarthy, F.M.G., Collins, E.S., McAndrews, J.H., Kerr, H.A., Scott, D.B., Medioli, F.S., 1995. A comparison of post- glacial Arcellacean (Thecamoebian) and pollen succession in Atlantic Canada, illustrating the potential of Arcellaceans for paleoclimatic reconstruction. Journal of Paleontology 69, 980–993. 780 
McDermott, F., Mattey, D., Hawkesworth, C., 2001. Centennial-scale Holocene climate variability revealed by a high-resolution speleothem δ18O record from SW Ireland. Science 294, 1328–1331. 
Michczyński, A., 2007. Is it possible to find a good point estimate of a calibrated radiocarbon date? Radiocarbon 49, 393–401. 
Newton, A.J., Dugmore, Andrew J., Gittings, B.M., 2007. Tephrabase: tephrochronology and the 785 development of a centralised European database. Journal of Quaternary Science 22, 737–743. 
O'Brien, S.R., Mayewski, P.A., Meeker, L.D., Meese, D.A., Twickler, M.S., Whitlow, S.I., 1995. Complexity of Holocene Climate as Reconstructed from a Greenland Ice Core. Science 270, 1962–1964. 
O'Connell, M., Molloy, K., 2001. Farming and woodland dynamics in Ireland during the Neolithic. Biology And Environment-Proceedings Of The Royal Irish Academy 101B, 99–128. 790 
Parnell, A.C., Buck, C.E., Doan, T.K., 2011. A review of statistical chronology models for high-resolution, proxy-based Holocene palaeoenvironmental reconstruction. Quaternary Science Reviews 30, 2948–2960. 
Payne, R.J., Mitchell, E.A.D., 2009. How many is enough? Determining optimal count totals for ecological and palaeoecological studies of testate amoebae. Journal of Paleolimnology 42, 483–495. 
Pearce, N.J.G., Bendall, C.A., Westgate, J.A., 2008. Comment on "Some numerical considerations in the 795 geochemical analysis of distal microtephra" by A.M. Pollard, S.P.E. Blockley and C.S. Lane. Applied Geochemistry 23, 1353–1364. 
Persson, C., 1971. Tephrochronological investigation of peat deposits in Scandinavia and on the Faroe Islands. Sveriges Geologiska Undersokning 65, 1-34. 
Pilcher, J.R., Hall, V.A., 1992. Towards a tephrochronology for the Holocene of the North of Ireland. The 800 Holocene 2, 255–259. 
Pilcher, J.R., Hall, V.A., McCormac, F.G., 1995a. Dates of Holocene Icelandic volcanic eruptions from tephra layers in Irish peats. The Holocene 5, 103–110. 
Pilcher, J., Baillie, M.G.L., Brown, D., McCormac, F., MacSweeney, P., McLawrence, A., 1995b. Dendrochronology of Subfossil Pine in the North of Ireland. Journal of Ecology 83, 665–671. 805 
 25 
Pilcher, J.R., Hall, V.A., McCormac, F.G., 1996. An outline tephrochronology for the Holocene of the North of Ireland. Journal of Quaternary Science 11, 485–494. 
Plunkett, G.M., 1999. Environmental change in the Late Bronze Age in Ireland (1200–600 cal. yr BC). PhD 
thesis, Queen’s University, Belfast. 
Plunkett, G.M., 2006. Tephra-linked peat humification records from Irish ombrotrophic bogs question 810 nature of solar forcing at 850 cal. yr BC. Journal of Quaternary Science 21, 9–16. 
Plunkett, G.M., 2009. Land-use patterns and cultural change in the Middle to Late Bronze Age in Ireland: inferences from pollen records. Vegetation History And Archaeobotany 18, 273–295. 
Plunkett, G.M., Pilcher, J.R., McCormac, F.G., Hall, V.A., 2004. New dates for first millennium BC tephra isochrones in Ireland. The Holocene 14, 780–786. 815 
Plunkett, G.M., Swindles, G.T., 2008. Determining the Sun's influence on Lateglacial and Holocene climates: a focus on climate response to centennial-scale solar forcing at 2800cal. BP. Quaternary Science Reviews 27, 175–184. 
Pouchou, J.L., Pichoir, F., 1984. Un nouveau modele de calcul pour la microanalyse quantitative par spectrometriederayons X. L'application a l'analyses d'echantillions homogenes. Recherche Aerospaciale 3, 820 13-38. 
Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Ramsey, C.B., Buck, C.E., Burr, G.S., Edwards, R.L., 2009. IntCal09 and Marine09 radiocarbon age calibration curves, 0–50,000 years cal BP. Radiocarbon 51, 1111–1150. 
Roland, T.P. (2012) Was there a 4.2 kyr event in Great Britain and Ireland? Evidence from the peatland 825 record. PhD thesis, University of Exeter. 
Sejrup, H.P., Haflidason, H., Andrews, J.T., 2011. A Holocene North Atlantic SST record and regional climate variability. Quaternary Science Reviews 30, 3181–3195. 
Smith, A.G., 1958. Pollen Analytical Investigations of the Mire at Fallahogy Td., Co. Derry. Proceedings of the Royal Irish Academy. Section B: Biological, Geological, and Chemical Science 59, 329–343. 830 
Smith, A.G., Goddard, I., 1991. A 12500 year record of vegetational history at Sluggan Bog, Co. Antrim, N. Ireland (incorporating a pollen zone scheme for the non-specialist) New Phytologist 118, 167–187. 
Smith, A.J., 2004. The moss flora of Britain and Ireland (2nd Ed.) Cambridge University Press. 
Speranza, A., van Geel, B., van der Plicht, J., 2002. Evidence for solar forcing of climate change at ca. 850calBC from a Czechpeat sequence. Global and Planetary Change 35, 51-65. 835 
 26 
Stanley, J.-D., Krom, M.D., Cliff, R.A., Woodward, J.C., 2003. Short contribution: Nile flow failure at the end of the Old Kingdom, Egypt: Strontium isotopic and petrologic evidence. Geoarchaeology 18, 395–402. 
Staubwasser, M., Weiss, H., 2006. Holocene climate and cultural evolution in late prehistoric–early historic West Asia. Quaternary Research 66, 372–387. 
Stuiver, M., Reimer, P. J., Reimer, R. W., 2005. CALIB v. 6.1.0. [WWW program and documentation]. 840 
Queen’s University, Belfast. 
Swindles, G.T., 2006. Late Quaternary Environmental Change and Archaeology: Case studies in the Lower Bann Valley and Belfast District. IQUA, Dublin.  
Swindles, G.T., Charman, D.J., Roe, H.M., Sansum, P.A., 2009. Environmental controls on peatland testate amoebae (Protozoa: Rhizopoda) in the North of Ireland: Implications for Holocene palaeoclimate studies. 845 Journal of Paleolimnology 42, 123-140. 
Swindles, G.T., Blundell, A., Roe, H., Hall, V., 2010a. A 4500-year proxy climate record from peatlands in 
the North of Ireland: the identification of widespread summer ‘drought phases’? Quaternary Science Reviews 29, 1577–1589. 
Swindles, G.T., De Vleeschouwer, F., Plunkett, G., 2010b. Dating peat profiles using tephra: stratigraphy, 850 geochemistry and chronology. Mires and Peat 7, 1–9. 
Swindles, G.T., Blaauw, M., Blundell, A., Turner, T.E., 2012a. Examining the uncertainties in a ‘tuned and 
stacked’ peatland water table reconstruction. Quaternary International 268, 58–64 . 
Swindles, G.T., Morris, P.J., Baird, Andy J, Blaauw, M., Plunkett, G., 2012b. Ecohydrological feedbacks confound peat-based climate reconstructions. Geophysical Research Letters 39, L11401. 855 
Swindles, G.T., Plunkett, G., Roe, H.M., 2007a. A delayed climatic response to solar forcing at 2800 cal. BP: multiproxy evidence from three Irish peatlands. The Holocene 17, 177–182. 
Swindles, G.T., Plunkett, G., Roe, H.M., 2007b. A multiproxy climate record from a raised bog in County Fermanagh, Northern Ireland: a critical examination of the link between bog surface wetness and solar variability. Journal of Quaternary Science 22, 667–679. 860 
Swindles, G.T., Lawson, I.T., Matthews, I.P., Blaauw, M., Daley, T.J., Charman, D.J., Roland, T.P., Plunkett, G., Schettler, G., Gearey, B.R., Turner, T.E., Rea, H.A., Roe, H.M., Amesbury, M.J., Chambers, F.M., Holmes, J., Mitchell, F.J.G., Blackford, J., Blundell, A., Branch, N., Holmes, J., Langdon, P., McCarroll, J., McDermott, F., Oksanen, P.O., Pritchard, O., Stastney, O., Stefanini, B., Young, D., Wheeler, J., Becker, K., Armit, I., 2013. Centennial-scale climate change in Ireland during the Holocene. Earth Science Reviews 12, 300–320. 865 
Tainter, J.E., 1988. The Collapse of Complex Societies. Cambridge University Press, Cambridge. pp. 262. 
 27 
Telford, R.J., Heegaard, E., Birks, H.J.B., 2004. All age–depth models are wrong: but how badly? Quaternary Science Reviews 23, 1–5. 
Telford, R.J., Heedaard, E., Birks, H.J.B., 2006. The intercept is a poor estimate of a calibrated radiocarbon age. The Holocene 14, 296–298. 870 
ter Braak, C.J.F., 1995. Ordination. In: Jongman, R.H.G., ter Braak, C.J.F., van Tongeren, O.F.R. (Eds.). Data analysis in community and landscape ecology. Cambridge University Press, pp. 91-173. 
Thompson, L., Mosley-Thompson, E., Davis, M., Henderson, K., Brecher, H., Zagorodnov, V., Mashiotta, T., Lin, P., Mikhalenko, V., Hardy, D., 2002. Kilimanjaro ice core records: Evidence of Holocene climate change in tropical Africa. Science 298, 589–593. 875 
Tipping, R., Davies, A., McCulloch, R., Tisdall, E., 2008. Response to late Bronze Age climate change of farming communities in north east Scotland. Journal of Archaeological Science 35, 2379–2386. 
Turney, C.S.M., Baillie, M.G.L., Clemens, S., Brown, D., Palmer, J., Pilcher, Jonathan, Reimer, P.J., Leuschner, H.H., 2005. Testing solar forcing of pervasive Holocene climate cycles. Journal of Quaternary Science 20, 511–518. 880 
van der Plicht, J., 2004. Radiocarbon, the calibration curve and Scythian chronology. In: Scott, E.M., Alekseev, A.Y., Zaitseva, G. (Eds.) Impact of the Environment on Human Migration in Eurasia. Kluwer Academic Publishers, Dordrecht, pp. 45-61. 
van Geel, B., 1978. A palaeoecological study of Holocene peat bog sections in Germany and the Netherlands. Review of Palaeobotany and Palynology 25, 1-120. 885 
van Geel, B., van der Plicht, J., Kilian, M., Klaver, E., Kouwenberg, J., Renssen, H., Reynaud-Farrera, I., Waterbolk, H., 1998. The sharp rise of Delta C-14 ca, 800 cal BC: Possible causes, related climatic teleconnections and the impact on human environments. Radiocarbon 40, 535–550. 
van Geel, B., Bokovenko, N., Burova, N., Chugunov, K., Dergachev, V., Dirksen, V., Kulkova, M., Nagler, A., Parzinger, H., van der Plicht, J., 2004. Climate change and the expansion of the Scythian culture after 850 890 BC: a hypothesis. Journal of Archaeological Science 31, 1735–1742. 
van Geel, B., Buurman, J., Waterbolk, H.T., 1996. Archaeological and palaeoecological indications of an abrupt climate change in The Netherlands, and evidence for climatological teleconnections around 2650 BP. Journal of Quaternary Science 11, 451–460. 
Walker, M., Johnsen, S., Rasmussen, S.O., Popp, T., Steffensen, J.-P., Gibbard, P., Hoek, W., Lowe, J., Andrews, 895 J., Bjorck, S., Cwynar, L.C., Hughen, K., Kershaw, P., Kromer, B., Litt, T., Lowe, D.J., Nakagawa, T., Newnham, R., Schwander, J., 2009. Formal definition and dating of the GSSP (Global Stratotype Section and Point) for 
 28 
the base of the Holocene using the Greenland NGRIP ice core, and selected auxiliary records. Journal of Quaternary Science 24, 3–17. 
Walker, M., Berkelhammer, M., Bjorck, S., Cwynar, L., Fisher, D., Long, A., Lowe, J., Newnham, R.M., 900 Rasmussen, S., Weiss, H., 2012. Formal subdivision of the Holocene Series/Epoch: a Discussion Paper by a Working Group of INTIMATE (Integration of ice-core, marine and terrestrial records) and the Subcommission on Quaternary Stratigraphy (International Commission on Stratigraphy). Journal of Quaternary Science 27, 649-659. 
Weiss, H., Bradley, R.S., 2001. What Drives Societal Collapse? Science 291, 609–610. 905 
Weiss, H., Courty, M., Wetterstrom, W., Guichard, F., Senior, L., Meadow, R., Curnow, A., 1993. The genesis and collapse of third millennium north Mesopotamian civilization. Science 261, 995–1004. 
Woodland, W.A., Charman, D.J., Sims, P., 1998. Quantitative estimates of water tables and soil moisture in Holocene peatlands from testate amoebae. The Holocene 8, 261–273. 
Woodman, P.C., 1985. Prehistoric Settlement and Environment. In: Edwards, K.J., Warren, W.P., (Eds.) The 910 Quaternary History of Ireland. Academic Press, London, pp. 251-278. 
Yeloff, D., Mauquoy, D., 2006. The influence of vegetation composition on peat humification: implications for palaeoclimatic studies. Boreas 35, 662–673. 
 29 
Figure 1. Map showing the location of study sites: a) Sluggan Moss, County Antrim (54°45’56N, 
6°17’37”W, 42m asl) b) Fallahogy Bog, County Derry (54°54’42N, 6°33’40”W, 43m a.s.l.). Map adapted, with permission, from Walker et al. (2012). 
Figure 2. Stratigraphic distribution and geochemical comparison of tephra shards found at Sluggan Moss (black-lined distribution) and Fallahogy Bog (grey-lined distribution), with comparisons of geochemical data derived from electron probe microanalysis with that of Hekla 4 (dark grey distribution, both diagrams), Hekla-S/Kebister (light grey distribution, upper diagram) and Hekla 3 (light grey distribution, lower diagram) type material obtained from Tephrabase (Newton et al., 2007). Black bar charts indicate shard distribution at 5cm ashing resolution. Black line histograms show shard distribution at an increased 0.5cm ashing resolution of samples indicated by the black dotted lines. Appendix A (Supplementary Information) contains details of the geochemical data displayed here. 
Figure 3. Age-depth models for Sluggan Moss and Fallahogy Bog, based on smooth spline models between AMS 14C dates (blue) and the Hekla 4 tephra horizon (turquoise). The 14C dates are presented as calibrated 
years before present with 2σ ranges. Calendar age point ‘best’ estimates for depths are presented (black line) based on weighted average of all age-depth curves produced during 1000 bootstrap/Monte Carlo iterations (grey distributions). The Sluggan Moss model possesses an estimated uncertainty range of 54 – 126 years with an average uncertainty of 80 years, whereas the Fallahogy Bog model has a range of 54 – 251 years with an average of 105 years. 
Figure 4. Summary palaeoecological diagram showing selected plant macrofossil and humification data from Sluggan Moss. Plant macrofossil data are displayed as percentages; percentage light transmission and plant macrofossil DCA axis one scores have been normalised for comparison with other palaeoecological proxies; increasing bog surface wetness conditions are indicated by shifts to the left in these curves. The stratigraphic position of the Hekla 4 tephra horizon is shown by the light grey band (H4).   
Figure 5. Summary palaeoecological diagram showing selected plant macrofossil and humification data from Fallahogy Bog. Plant macrofossil data are displayed as percentages; percentage light transmission and plant macrofossil DCA axis one scores have been normalised for comparison with other palaeoecological proxies; increasing bog surface wetness conditions are indicated by shifts to the left in these curves. The stratigraphic position of the Hekla 4 tephra horizon is shown by the light grey band (H4). 
Figure 6. Summary palaeoecological diagram showing selected testate amoebae data from Sluggan Moss displayed as percentages; Inferred WTD reconstructions based on the ACCROTELM pan-European transfer function (black curve) with errors derived from bootstrapping (grey curves). The stratigraphic position of the Hekla 4 tephra horizon is shown by the light grey band (H4). 
Figure 7. Summary palaeoecological diagram showing selected testate amoebae data from Fallahogy Bog displayed as percentages; Inferred WTD reconstructions based on the ACCROTELM pan-European transfer function (black curve) with errors derived from bootstrapping (grey curves). The stratigraphic position of the Hekla 4 tephra horizon is shown by the light grey band (H4). 
Figure 8. Comparison of data for: A) plant macrofossil DCA palaeoecological data, B) humification and C) testate amoebae-based reconstructed water table at Sluggan Moss (black) and Fallahogy Bog (grey), plotted against a common age axis. Downward trends indicate shifts towards wetter bog surface conditions, with drier bog surface conditions indicated by upward trends. The shaded c. 3.75 – 4.25 kyr 
section represents the period within which the ‘4.2 kyr event’ might be expected to occur. All data are normalised to aid comparison.  
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Figure 9. Normalised testate amoebae-inferred water table depth reconstructions from: A) Sluggan Moss and B) Fallahogy Bog, detailing the match points (i – x) and Hekla 4 tephra horizon used to tune the chronologies; C) regional composite water table record for northern Ireland, based on Sluggan Moss and Fallahogy Bog. 
Figure 10. Comparison of this study’s stacked water table record with peat-based palaeoecological studies from Great Britain and Ireland. All normalised and plotted against standard units. Leftward trends indicate shifts towards wetter bog surface conditions, with drier bog surface conditions indicated by rightward trends. A) Northern Irish stacked (2 records) testate amoebae-inferred WTD reconstruction (this study); B) Northern Irish stacked (2 records) testate amoebae-inferred WTD reconstruction (Swindles et al., 2010a); C) Northern British stacked (12 records) testate amoebae-inferred WTD reconstruction (Charman et al., 2006); D) Scottish stacked (7 records) multi-proxy palaeohydrological reconstruction (Langdon and Barber, 2005); E) Walton Moss, northern England, plant macrofossil DCA BSW reconstruction (Hughes et al., 2000); F) Butterburn Flow, northern England, testate amoebae-inferred WTD reconstruction (Mauquoy et al., 2008); G) Mongan Bog, central Ireland, plant macrofossil DHI BSW reconstruction (Barber et al., 2003); H) Abbeyknockmoy Bog, central Ireland, plant macrofossil DHI BSW reconstruction (Barber et al., 2003); I) Bolton Fell Moss, northern England, plant macrofossil DHI BSW reconstruction (Barber et al., 2003); J) Walton Moss, northern England, plant macrofossil DHI BSW reconstruction (grey), testate amoebae-inferred WTD reconstruction (black solid) and humification (black dashed). N.B. Records G), H) and I) were digitised from hard copies as original data were unavailable (Barber, pers. comm.). Dark grey shading shows, for reference, the period c. 4.25 – 3.75 kyr. Light grey bands refer to periods c. 5.5 – 5.0 and c. 3.2 – 2.3 kyr. 
Study Site(s) Proxy (stats) 
Proposed nature of 
change 
Proposed age of change; 
Chronological control (2.5 – 6.5 
kyr) 
Hughes et al. 
(2000) 
Walton Moss, northern England Plant macrofossils (DCA) Major wet event 
 4.41 – 3.99 kyr; 2 radiometric 14C dates of bulked material from 8 cm stratigraphic depth, no tephrochronology.  
Barber et al. 
(2003) 
Abbeyknockmoy Bog, central Ireland Plant macrofossils (DCA) Major change to wetter/cooler conditions 
 4.4 kyr; 7 radiometric 14C dates of bulked material from 2 cm stratigraphic depth, no tephrochronology.  
Bolton Fell Moss, northern England Plant macrofossils (DCA) Major change to wetter/cooler conditions 
 4.4 kyr; 10 radiometric 14C dates of bulked material from 3 – 8 cm stratigraphic depth, no tephrochronology.  
 
Barber 
(2007) 
 
 Review of studies (1976 – 2005) from a number of sites across Ireland and northern Great Britain, as well as elsewhere in NW Europe  
Plant macrofossils (DCA), testate amoebae (TF), humification (%T) 
Changes to cooler/wetter conditions 
Range from 4.62 to 3.99 kyr; high variability in chronological strategy between studies, tephrochronology limited to one study  
Mauquoy et 
al. (2008) 
Butterburn Flow, northern England Testate amoebae (TF); plant macrofossils Moderate wet shift 
 c. 4.15 kyr; 14 AMS 14C dates, no tephrochronology.  
Daley and 
Barber 
(2012) 
Walton Moss, northern England 
 Testate amoebae (TF), plant macrofossils (DCA/NMDS/DHI), humification (%T)  
Rapid shift to wetter conditions c. 4.2 kyr; 14 AMS 14C dates, no tephrochronology. 
 
Table 1. Existing evidence used to support the presence of a 4.2 kyr event in Great Britain and Ireland (Detrended Correspondence Analysis – DCA; Non-metric Multidimensional Scaling – NMDS; Dupont Hydroclimatic Index – DHI; Transfer Function – TF; Percentage Light Transmission - %T; all AMS 14C dates were from 1 cm stratigraphic depth). 
Table 1
Site 
Sample 
code 14C Lab. code 
Depth 
(cm) Material 
14C age 
(BP) 
δ13C 
(‰) 
Calibrated age (2σ; cal yr BP) 
Age range WA mid-point 
 
Sluggan Moss 
 SM96  UBA-19064  96 – 97  Sphagnum stems and leaves  2281 ± 27  -26  2163 – 2349  2326  SM148 SUERC-33593 148 – 149 Sphagnum stems and leaves 2912 ± 36 -26.3 2952 – 3207 3059  SM168 SUERC-33594 168 – 169 Sphagnum stems and leaves 3246 ± 35 -23.4 3391 – 3559 3475  SM188 BETA-284116 188 – 189 Sphagnum stems and leaves 3450 ± 40 -25.3 3616 – 3834 3725  SM204 UBA-19708 204 – 205 Sphagnum stems and leaves 3990 ± 35 -32.3 4319 – 4568 4470 
 Hekla 4 - 222 - - - 4229 – 4345 -  SM238 UBA-19709 238 – 239 Sphagnum stems and leaves 4184 ± 35 -29.4 4585 – 4839 4690  SM254 SUERC-33595 254 – 255 Sphagnum stems and leaves 4379 ± 36 -22.7 4858 – 5042 4950  SM270 SUERC-33596 270 – 271 Sphagnum stems and leaves 4744 ± 38 -24.9 5326 – 5587 5517  SM282 BETA-284117 282 – 283 Sphagnum stems and leaves 4870 ± 40 -25.4 5483 – 5709 5621  SM296 SUERC-33598 296 – 297 Sphagnum stems and leaves 5058 ± 35 -27.3 5726 – 5906 5816  SM333 UBA-19065 333 – 334 Calluna vulgaris wood 5617 ± 31 -26.3 6311 – 6465 6382 
 
Fallahogy Bog 
 FAL198  UBA-19066  198 – 199  Calluna vulgaris wood  2806 ± 24  -22.1  2849 – 2965  2907  FAL244 SUERC-13660* 244 – 245 Sphagnum stems and leaves 3343 ± 37 -28.5 3475 – 3685 3559  FAL261 SUERC-12999* 261 – 262 Calluna vulgaris wood 3467 ± 35 -29.7 3640 – 3834 3737  FAL274 SUERC-13000* 274 – 275 Sphagnum stems and leaves 3545 ± 35 -27.4 3716 – 3958 3821  FAL300 UBA-19607 300 – 301 Sphagnum stems and leaves 3835 ± 25 -24.2 4150 – 4406 4225 
 Hekla 4 - 323 - - - 4229 – 4345 -  FAL348 UBA-19068 348 – 349 Sphagnum stems and leaves 4059 ± 29 -23.8 4435 – 4787 4529  FAL376 UBA-19710 376 – 377 Sphagnum stems and leaves 4192 ± 35 -28.9 4588 – 4842 4690  FAL400 UBA-19069 400 – 401 Sphagnum stems and leaves 4609 ± 26 -21.8 5296 – 5448 5416  FAL448 UBA-19070 448 – 449 Sphagnum stems and leaves 4901 ± 26 -26.7 5589 – 5661 5625 
 
Table 2. Details of AMS 14C age and tephra horizon information used to construct age-depth models at Sluggan Moss and Fallahogy Bog. * 14C ages previously published in Amesbury et al. (2012).  
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Supplementary Data
Click here to download Supplementary Data: Roland - 4.2 kyr event - Supplementary information.docx
